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ABESTRACT

EI

The oblectives 'for the research program, ;nder t.hi• -.. r, were t,

niques with a view toward development of devices applicable to surveil-

lance systems; the emphesis was primarily directed toward reqi•iremcn's

of phased array radar systems. This r'eport, covering the period Nov-Cmb•re
1964 through October 19h",', sunmmrizes the principal research findings on •...-

Vi'e f'ollowini, proJects, conducted for varying lengths of titre c,,; this

ci,-ntrac* :

i.Thin Film Transducerts

-w. Ac,ý-jLtIC Wave PC-,oces

III. Carrier W'ave Propagation

!V. W.;tlrM-nde. P-ropagation in Solids

V. Theoryv of Carrier Wave Propagation

VI. Fxternded4 I-•erartion- Klystrons

VI.Cen:tipede ',"W'

V; 11. Periodic Ferrite Delay Lines '

VX.. Adiabatic Marnetoelastic ronv,ýrsion in thr Tinm- !k-,T-in;

I

X. Theory of the Gu•nn Effect

XI. Guided Acoustic Waves

X!ý!. reclay Line Studies"

XIIl. Magnetically Dependeift Sound Wave Interactions

Ftil•re reports coneerning, the pro~ects to be contin:iei will t-e f'oj.

I

ir, reports on Contract F,-O602-f58-C-OO'?4, "Microwave Acoustic and :l
D hvice Tectnive fcud-eG which is a direct continiuato tr . Is e!for' .

-iil/iv

niqun vth viw toarddevlopezitof evies ppliabl tosureil
lanc sytdm; te emhess ws pinarly iretedtowad rqoiernri-
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EVALUATION

1. 7he objective of this contract, a direct follow-on of
A730(602)-2575, "Multime-Awatt Broadband Microwave Tubes"
was to inveetigate new concepts for the generation and control
of microwave energy for application to large ground-based
multi-element array radars. Some high power tube work
carried over from the predecessor contract, but by-in-large,
the investigations were confined to microwave solid-state
devices using the vlectronic and mechanical properties of
bulk and thin film materials.

2. Particularly Lotable were the ;-ntractor's efforts in the
field of microwave acoustics where vast stride were made in
.improving the state-of-the-art of bulk acoustic microwave
transducers by the deposition of thin (half wave length)
active (piezoelectric) and passive (conductive or impedance
matching) films. Insertion losses of as low as 3 db over a
narrow bandwidth using CdS and 13 db over very wide bandwidths
using ZnO have been demonstrated. To date, the contractor
still leads the state-of-the-art in this area and is pioneering
work in the deposition of thin films of new materials having
vastly improved acoustic capability.

3. A considerable amount of theory has been produces in other
areas of microwave acoustics (including magnetoelaestic phenomena
in ferrimagnetic insulators and surface wave propagation in
piezoelectric materials), in electromagnetic wave transport
and instability phenomena in semiconductor, and in nigh power
microwave tube circuitry by the investigators and students
working under them. A complete bibliography of reports and
publications resulting from the contract is listed in pages
9 thru 13 of the final report. Many of 6he ideas discussed
in this publication have been sutsequentiy invCbtilated
further by industrial concerns active in the respective fields.
Some of the work listed within is being further pursued on
F30602-68-C-0074 "Microwa'!e Acoustic and Buik Device Technique
Studies" which is a direct continuation of this effort.

WILLIAM E. WILSOE
Project Engineer
Electron Devices Section



INTRODUCTION

This report is intended to summarize briefly the activities of th•

Microwave Laboratory under Contract AF 30(602)-3595 for the period

Jovember 1, 1964 through October 31, 1967.

During the course of this contract, a large number of quarterly

reports, technical reports and publications have been issued which

described in considerable detail all of the work dose under this contract.

This report is merely a summary of the various topics which have been

investigated. Since the main body of this report consists largely of

separate items concerning each of the separate topics which have been

investigated, it may be of some value here to review the ptogram in a

somewhat broader context to point out the main directions of activity,

what tha principal contributions have been, and what this may imply for

future work under successor contracts. An a subsidiary function, which

may be useful in providing background for this report, we will also in-

clude here a brief history of the work done under the predecessor contract.

In this introduction, therefore, we shall start with this historical

background as, 'in some ways, it clarifies some of the reasons for the
directions of the work undertaken and reported herein. This is of

particular significance since the current contract represents an

important transition from a long history of research in microwave tubes

into new areas which were important to the interests of RADC, and which

seemed to require considerable research effort and the consideration of

some new concepts.

For a number of years, under the predecessor contracts, the Microwave

Laboratory undertook extensive investigations in high power microwave

tubes and particularly, in more recent years, high power traveling wave

tubes. We shall not attempt to adhere to a strict chronology, but

merely wish to emphasize some of the activities under these cor .racts,

some of the accomplishments, and their historical connection to the

present contrac.'s
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The first major activity undertaken at the Microwave Laboratory

for RADC was the development of a pulsed L-band klystron, jointly with

Litton Industries. The contribution of the Microwave Laboratory was to

provide the electrical design, to biiild some preliminary models, test

them, and assure satisfactory electrical performance. This is Vt:- tube

whi,'h is now known as the L3035. Litton war to provide the mechinical

design in such form that they could take over the program after the

initial development and go into production. The laboratory buil'. some-

thing in the ord-r *f a Idozcn tubes. The program has been successful,

and has been considered by all concerned as an outstanding examp~c of

collaboration between an academic research laboratory, the government,

aj,,• industry.

Subsequent to this', the laburatory under RODC auspices began to

Lurn its efforts toward pulsed traveling wave tubes operating in the

range of serevpal megawatts. It was felt that the skills and exprienct.

avaitable in the Mic-;*owa',e Laboratory with pulsed klystrons couP i be

transfrr-td in u usc t'uJ way to high power traveling wave tube wcrk, and

sjeh a pro$ ra.n was initiated. There had been an earlier prograr. in the

Microwa'. .ab.,oratory inder a Joint Services contract which had already

ion- some ;r..Iimi2j, inwcstigation of traveling wav'e circuits .;-:iCh

werrs..itc,- fur 1.lised traveling waves, and this preliminary wcrk. *.-as

thvn .ontin.. -d in a more extended and directed way under RADC aý..pices.

I! is difficult to pinpoint exactly at what stage the program "t::z

transferr,.d from other auspices to RADC, or to draw a sharp divi:ing

. ine t:.etwt-.-n the previous activities in this field in the Micra.. ,ve

Laroratory and that done with RADC. However, it is certainly t, .4L that

Th, principai contribution in this rountry to the development o' pulsed

tr-:,,..!ing wave tuts of the kind which are now being widely use.: i.

s-jtens was achieved in the Microwave laboratory innder the ausp "-s of

HADC.

W,, 11*ist .er,- somr- of th, circuits tha* ,r, l.ovioed, son-. o'" th.e

rotns t.i, wert solved in corinecution witih ol-ening up the .:ho., f"ield

Sof l Is,.i t'raveling wa•.. ,ubes, and .. .... .'n"rtn "a of t•is , rK.
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Ci•iits whi.-, were first invented or developed at the Microwave

LaL'oratory and largely brought to the point of practicality. =nder RADC

a:sji.'•s inclidedA the centipede structure, the cloverleaf structure,

tn,. long slot strcture, the crosswound helix (and related circuit,
t.w• ring bar -ircuit), and also the coupled cavity circuit.

Th- coupled cavity circuit was first worked on extenE•.vely at the

: tanor(e Miiruowav. Laborator-j. It was used here in the first traveling

"47.,i: tube ever run at peak powers of hundreds of kilowatts and then

iat•:r also at something over a megawatt. Modified versions of this
-ircuit are now widely used at lower power levels either c.: or pulsed

in tb;hes operating in the range of 10 to 100 kilowatts, particularly

in t.•e X-band region. Probably all of the traveling wave rubes used

for satellite ground stations use this circuit at present.

The crosswound helix, or ring bar circuit, invented at the Stanford

Microwav' Laboratory was extensively investigated and its unique

properties demonstrated here. It is now the principal cir.-uit used for

pulsed operation at ten to several hundred kilowatts, particularly wher,-

,'lther wide band and/or low frequency operation is concerned. It is

about the only available circuit for power up to-, say, 100 Kilowatts

and for bandwidths above 10%, below S band. It is also used at lower

,.ak powers a,. higher frequencies, when the bandwidths req.ired are

more than is -'onveniently achievable with the coupled cavity circuit

Smentioned above. The circuit is now used as the primary power source

in some experimental phased array radars and as a driver tibe for

megawatt traveling wave tubes which require tens of kilowatts of drive.

The cloverleaf structure is the principal circuit currently used

for traveling wave tubes operating above a megawatt of peak power. All

hto basic concepts, circuit parameters, matching, methods of attenuation,

et(-. were devloped under RADC auspices at Stanford. The orincipal

systems requiring pawers in this range presently use this -ircuit.or

variations th,!reof, such as the twystron. Aside from operating systems

using this tu.;, there are other important uses of this circuit for

very high pea.. 'ind average powers which are now in development.

!!• - 3-



The centipedr, which is an alternative circuit to the cloverleaf,

has bju~n le-as extunsivt:y in~vestigated. It, was invente'd and bailt at

the Mirrowavt- Laboratory under RADC auspices, and has dcmonstruted the4

hiighest, bandwidth available in multirnegawalt. traveling wJvVC tubcs.

It was auccessfully deve~oped at. the Microwave Labortetory, after the

cloverleaf, in an at~tempt to obtain appreciably greater bandwidth. In$
ininy applications, howeve~r, the bandwridth, aciiievable with~ tht cloverleaf.
has been ade!quate, 'so most of the subsequent tube development el1sewhere . 4
has been made using the cloverleaf. If great~er bandwidth is nceded.,4

the centipede seems to Jbe the more likely candidate arid :Wia at this

"noment. it act-ially having a centipede tube -developed for this reason,
in un indastrIj.4 l~aboratory.

Asi.1e from the' high power traveling wave t-jbe work, th're was a-so

considerable effort in investi .gating Lhe so-called distrituted inlter-

a :*tjon 'kiv.-tron. .r. whil: ctuvities* of the k2j.vstron have a groncitri so

tsiat tlt.- lciqkto.rSairt-licrae with~ a filed over an. extcndvd rsgicur. ins..i

of' in a narrow gay-. Th~e eavi1ty :car. be a resonant sect4ion of a htlix,

or. Mr,)tjiyl c0 &*. -'Jvitif, ir. Cbl::ý c-tic t iýt -,e~i;

at tl,.. oi-vristir.; frequ4eny. The ext~ended interaction cavity lias markt-"

aa:.tg~sin. terins. of ba-zdwidth- and efficiency, over L!.e con&venati-ona

x.gra. vit,. ':%s-E- jroj ertivs wver firs:ý W 1 :se a~.:~C

L~j~5and tuiis kir~i- of cavity i.- now in use and lvinL r~1,ir.t.r .je-clo)~

un'rit- RAL'C kl-uýEj.ices- at va~rior.s indusirial laborz.toriŽes.

WIL 1ha&ve rsneio a hare o~ir.~ol* th:_ carl effc~lort.

I iftinc %.;I rtS171'ei so~r.: of the major C cconlis!hmcr'-E; b-; L~:s r.-Irs~t

1..~ r5..t 0 ~Ay yhr8woriA.l a ..ntcr of 1c: ~ ~ ~ .r'

iuv.qtr Of ~hs: n related jpollms. At. thi, zn of t i ~rof~ran, trna'

LEJ-.16L t'ivcn d~ciwas ub.ginr.uig~ to IýL ob,.io..s tha'. Lh'- -xA ior

Iportio'i-of tlhe: eon tin-iine. Jrotliemr ir. mflicror-uvt_ L-A.-t.. r 'r.. .r.A

tO~:~h~ [~~kand uvL-rbge pa.wer --1;c involved nt Is, 1:0OO1.iniC,

. : :x 1 r±'I.1 .t, % Qe for ji .16 L L 1JC~ S th'Ji!

for -hJi*-st a*_-lristor,, _h~2eIajZju~.-.Le0 . :Crc: t~of
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* 5ntereett in the Itubues and circuits developed at the Microwave Laboratory

by many irdustrial laboratories which began to 1.&unch major effort~s of'

tI''r Nn. in Uiese are~as and sek- med to be working on the relevant probl-ms

ir. ar. adeq~iatc wayL..

Along with this shift, in the nature of the ;roblems in mi~crowave?

tube research, it beiarn Lo be ai.1.arelit t~hat the in~terests of RAD! 'wer.?

also beginning to shift, particularly toward devices which would.be

re'evant to phased arrays and, more specifically, to compon~ents sao~h--

as delay liner', integrated, amiplifiers, etc., which could, be used for -

.-hehandling and transmission of iinferain fo1iga processing

inrtcrn'afly in pV;Ased arrays or in other radar systems, and wi-ich wotild

be rompa:ct - that. is, n~ot usinlg electron tubes. The class Of p-hysiCa .

rhernomena whic~h could be used for these purposes included acou.stic

waves at microwave freqauencies, in insulators, magnetic materials, and-

mate:~'r~ rib!'s, f~rrrier cari.ti~~on in semdcond.;tors, br.j s-:ir:

wavcs f..1'rritcs. It is these p~hen~omena and tht' aFsociatLed, devices

whi'i-th has abscrbrd et great afnc;:nt of. the aCtivity- of the 1!4i1rk~avc-

Laboratory in rci"ent ysiars. Thf- res.alt. Las been --!at- t1heMi *rowave

L-anoratory, d-.ring teperiod' covered by this rc~ort, has. changed -the'

wtole e-'njhasis~ of its -rovgram ;rkder PAL'C %aisri;.v, Lhe rnatarc Of .its

rk*s..arcn., U.. ;'of' nheoi.s a~tL ~~~ ~ouo
teihnieal ski*ks ard thý detal2e~d prorb1ems$, Tr o.- crow v~e Eu'C t

the ar.'as whi~-h have jus±t beer broadly described above. This shift is

apparent. from the listing, of the research topics in the rwim: body of,

th~c rcz'-ort. Th.mrz- arc still vestiges oi' some tube actviv~:ics rer,-'Led

t.jt these were the tail end l~ the 1t..ibe activity and thiz repnrt is

*large~y conccLrnedi &wit7acivity in niicrova*ve acoustics, Td~rcrwa'e see.i-

cornd :tor ýivvic :s, and, m'icraia--Ic f.ýrrite d':vircs.

le mielt be of valzt to 5' .wma:'Le niere some of t!-.e .igigtsof

of this r~ r.and in :nact rore d~tai._ in thi. vbr-o .. rfec-1rý.rCtt q.~ot'-d

4-:. .*r4,, j ortior;& o 1.i'.is i-4or*t. UJr; cr n-,: a -, s s of ?AlC, w :'

ama 1 Apfo!'cr. ov.r-r tL1. Iasi- ytr: ars in&- a'.. 'k5':tz o:'
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microwave acoustics. As a part. of this we have developed all the

specialized technoloEW necessary for research in this f~ild. This

incluides facilities for making thin film transducers, for polishing

and orienting crystals, depositing films to be used in Investigation

of acoustie sur~ace waves, bonding of various materia's, and other

related te'chnology, all of Which are concerned with acoustic devices

for achieving some ct' Lhe information handling objectives mentioned in

* the paragraph above.

* There have been a number of important achievements whic-h resulted

*from the availability of this technolo~v-, and this will, also provide

V s with the base for our future activity. Among these aciiievements we

might mentioit the work on thin film at-oustic transducers irn whith Ont:

deposits various comvinations of me~tal, in~sulator and piezoelc-ctric

films of suitable thicknesses on substrates so tbat they provide optimum

transfer of en er4W from miL-rowavc cavitier, or trknis.-nssion lines, to

a to.;sti,. wave-s in .t!.v sft-strat-:. WzhAv':c !zic sevrrall c ontr~-'

butions in frodicir.g sucl. film~s using cadmi-art s-.ifid-e, zin.: ox.ileý an

alarairsum r'it r id i. s the mizt.~rrcater~a~s tir., as a ro'-s'-t, w

havt achieved prot-atiyvtte lacest. insertion' loss transd~cers aL a~0~~

freueniesavailable arywhere. -This includes 4. B loss using UdS, arnd

6. dB with zir.-., oxide, and we have a*.so oj~ened *u; sonc new atren:.is tra

f.urter wor. The~ zl-.. okiut trunsir was t.....--.. of d :I

oa new method of deposition which has beer.. more S-_.cessfl than

any other sr'. -:ved elsewhere with Lhis -matcrial. Wc- n~raiohisre

ý.ýccess with the deposition of othler promsl~ing pie7.oelectrIc films s-t':h

as lithium riobute, Itut no transd*.cer data is availutie yet.

in our worK or. amplification tc-chdnisins we hdve open atle to

clucidate the instchiitics woich occur in cirt6m tPire oec:tric shin -

condu ors hich car, Uc -so., f ior t: ber 1se inii rs. Yse intilstilin s

have cee. a barrier to making soccessn o l ari lifiers, and oUer prorri:Is

rieated tndiro:uActlUn h in concerned with acouto r eviees

instahri•ites been e anbenr so irorulasomnt v.



We hay., also started a %ery Frornizing rrograr. Or s-;rfane aco-isti--

wavcs and gaided acoustic waves in Mtin films. These also have utilined

the thin. film tt-.hr~o~or_-we havce developed, and we ext. ..,t ttis will' lca-4

to t:nc u~c of g.aided acoustic waves in. thin fi~lms on t~he surface of a

substrate which can act as a miniatkirized transmission line be~w-twn t t-.

various fiaits of a microwave system. There is. also the possibility.

by depositine an overlying semiconducting film, to build aeoustie

am~plifiers tzsing .L t. interaction between the carriers in uie senii'ond o-tor

an.d the surfare w~aves or guided waves in piezoelectric -media.

* .. The work on ferrite delay lines using YIG primarily ha s opened up

some. compl!etely new possivillit,;t.s. In addition to inven:!ng and/or

deveio;'int; severara form~s of two port YIG delay lines, vhi,ýh us-' marn-!,

elastic.-waver for the d,7lay) wt- hav.: also otened up- a wtho># n-'W rel'I't

of possibilities by making tir~e variable delay li4nes. TAhlic is acoml Is~a-d

ty va~ryir.F the vxterrnu: magtir fi..ld a,; lied to tne Y1.1, a fr --I-

sigrna. to Ic iro-_cssed has been in~jected. Under variois 't*

circum'tlan,ý'es, onec car. a:'hir'vc variable dels:.. ru~ise comir. E~li...

freqiency shift, or ~.leinversiorn of arn ir~Jected signal. This ai-'-ns

uii Sol-,( exct.iting ;cossibilities for informatior. processi.%~~~ wc ne n

to -.-rs*ir Y.Xýrthcr. ~1
Wt- tuvy' uaso hadi rn :xtensi':e pro&rr8. in':.estigatirg~

arsenide (-:-.Ann effect). In this, wc havc mahde son e sig S.-iant contri-

buitiorns to thiý theoretical calculations of the large signal. tiehqvior of

Gu.nn effect dc:,*ices and also, botr. experimnertally arnd theoretically,

have b.oen able to. investigate tome limitations or, tne amplitud. of

Ga.nn~ os:-illatiofl d':e to avalan-hine. within. the senicor.Lictor.

Wt. hia-- also 1-c-,n investdiatinC propqf-ation of varioasi -wacS in

indi-imir antimonidc-. O*jr d'fforts so far indicate se%-~ril r-oss~it-illitieýs

for either dela-Iy linc:s or aml~itfiurs. Or. the orx h.- iad.,7 ktave

invetifated theorctically and hav-' co'ne I'r;cl-fiInsry z.n ta

ce.idencc of.Vtx 1:ossii-ility <of rroducing so-~alle-- carrid'v a. in

t tn;' sloia t varri--'u byxt. c~ri frj- one cn:;.- of vcrz. .b
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to another, with high gain. By another ntechanism, there is indication

that un~der s,;itablt- t-inditions, involving~ a de mag~n..Litv field and1 an

upplied electric fitld, one can use indium antiwmoni*te as an . -oustir

amnplifier. The significance o1f thiis woul~d be that. thu vultuge fr~divn7~s

* required would be' significantly lower thun in other matvrials, Euoh as

*CdS, which have been com.monly used for aeoustic amplifiers and that also

the gain per unit. leng~t would be much sffaller. This latter y'roperty

* ~has an advantage because this woul~d im~ply that ornt- t-juld make ampli-flers.

with long dvlays (throuigh using long-samplf-s) withotA geLtirng into

instability p roblems. A delay -line with gain a-.d with lon.g etelay we.--,a
obviously be an impotr.ta ,nt device.*

We have touched 1here only on a few highlights of* the wark doj.mv

unler this contract. It is our intention to continue I.Le work entirell-.

in the areas which. have jaist been described. Spec ifiLca lly, we, in '_en,

to contin%;e. wori- on tle broad problems of delay line mechanisms, and

delay line devitces inclIuding mseans in,.-orporaLing amti.lifikcatiohi 4_týO

del~ay lines, ani also on methods by which one czn process a sigrnal ~h

investi-Fatv VŽ~wnomena and devives which~ are relevant to the truinslrisslora

adprocessinF, of information *with tne res,:ricLt- tt-. .int'

devices sho.lld be comnpa -A and i f possil icv 1 :I -nd r.'hcs( .-s hc to 1 n ra ti 0:7.

P is worl~. !otrL t ot". t!-;-s- ,wssitil. i-_1, s nuve 1i-en nErrerj~dJ.:
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1.* THIN4 FlLM THA4WUCM2L

(D. K. Wirmzlow, M. T. Wauk, J. Lareon, and J. White)

A. INTRODUCTION

A very imp'ortan~t uppiroacI to0 the realization of' time delay tit mit-ro-
wave frequencies is through the use of micro~aive acoustic waves; I: sol] dl..
In all zsuch. devices anid applieationrw -,f acoustic waves, .nit* of th~e Iat*rgc.%1..

practical difficujlticuj hazi bcetlinI tihe.eouplit4g loss It. traainduceo:u dt:.i-1g. ti
tp couplie microwaive cleetrowxagntic energy into miicrowave. acounxtic waves;.

In thi.; t~rugram w%: set up facilitlor, for th, fabr~cntivt, of inew tylj:.
of transducers, purticularly enplaying tlhii film teeht.lqucu, aiad co.;t,---,

and tested Pum-~rouz; th I'-f i IM trainsducers a-usembl~ies. Tihe o!tj~t!Ctlvc w:ILt to

fal-ricate workinxg models of newv approachez to transduce., d'esighn nd to tvv-t7
ti ezte dt:nign;. in t-.e laburutlry by m w-auenent; o-` coup.1l.:~g- , A'.;~.
characteristics, and- eleetromagretic iriput limpedancen. We I ou:l' tinat lVy
pzoe u.;e of --Li in~w c~d 0-ai.i: trar:-ducert, of v.-,,iv low e,;:-z.1-

loss.

P~. SUJMM"4fli CF IMY MCC OMY'.FS HM)

ý!Orl ~n I x id (SiO) ai-d gold (Au) as quarter vave acaustic imllh-dance tra~-r

lox -ert; yielded rmeaz..ured ca:.ver~iorm 1,se for loztg..udinal wOntiv- asI.

PL-t~r~ent to eAch ;~oetare lIsteu at th~e ei~J of eftc:. z~ectiro:..
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developed an erntii'ely new method for the deposition of :Airi oxide (Zin0)

f Ilmtr, and they yielded low measured conversi~on losses at f~requencies

to 83 ()li ovef- large bandiwid!.i~. Irkatt; ahwnln-A-im ntrid' (AIN) and

lithium rlo-bate 9 1  (lUitO.1' were vacuum deposited as pie-eeti'rI~

d'icers for theý firrs', Iroe, ar. far as is knc'wn. . TiotIh get.erated only oi-

t'.dilial vaver,. ~Special vaeuum dep..)sItion st~ations Vere dest. ned alid

1 -178
sruc oni for orperating with CdS, %iO' &Ad AIN~. Tn add~tion, five

other stationG vere designei and cornstructea' for special rietal or iIte

* inc fia.''" Veas'Arcrirt facilities for evaluating the various film

struct~ures are operatitng from 0.1, to 1.2 Gus.

* -- Other Important results of tI,Ls prograir includel the followIng:

se~raAher iruver.1Igations of thin~ film tranisducers have been completed.'

ar,4 si:eiir way" transd-ucers of ab'out. 20 dB at 1000 lKiz were a05CPem-ed.'

LNvayorated electror-K' fil-l an~d slecial Triournt ig tLechniq-i L' 3ý 1  were -

developei primarily to improve the clectrovisgrietic circuit characteristirs.

Cher-.'uplir. tUctwee:; Mix vlertricali resorialor an~d the a--o-ir teal thin 111m.

rvsonator was first. observed 1-~ 'iLs latoral-iry.-' Detaiv lcdt*-r:-:r;;vI, 'el

tnforratincit. aNi t~hese res-Ats are & avalable ir. status repcert~s for triis

con1.ract. Thcu import-u. a:-..! relevant aspect-s of t,-11 pr~icram W1.1i. th C.

ti oid0; ti±.e ucs*rCotrl.

ak Mcrows-,,t.- -19i . on ...t -. t'..7i e e

search, Ujai~vci-ity -of .11l1nots-

K. . uInslow andi Ii. J. Si~av, " ltleFilm Mi1crowave Aco..sl -ic. Trrsy-.S
d'w(ers*, Microwave 18aboratory R~eport No. 141,1, Stanford 11.1.ersIly

(V~~a~~o:- )'..' . l I liri-ed 'i. 19.. EEE interlnat Juua' Z.
uet~cord rerf 15 (MIR-cy 19EE.c).

R . M~. lMaflo. F. Sci.-Aenlxurg, .. D. K. Wins2 ow, "TV. rk:.c-.-s Mlor. l! or a r

a.t

S*..- . '..ad ~ K. Win~slow, "Zinc Ox de- F i M. i rowa-'!

Acou.stic VU iCe:s IcMowave. :a.-tor%; 1.0 ;or .. I~*:

UI~~~~~~ivcrS ~~ ~ ~ ~ !n C ty ~&~Q.--P'4 ~ t~. : ;.~C'rS
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D. K.. Winslow., "Microwave Acoustic Transduc~ers -Aluminum Nitride aind
Lithiumn NLobatc Films," 1567 Symposium on Sonic~s and Ul1trasonics,
'Jctober 4-~6p 1967, Vancouver, Canada, (Invitee' Paper).



I!.. ACOUSTIC, WAVE, DEVICES

PtiAU T (C. F. Q-.ate and W. HI. P~aydl)

Two Insiatial~itiec may occur in piezoelectric semnicon~ductors due to.

the interaction between acoustic waves and dri~fting -carriers. Since bat!;

-instabilities involve the anrplificatiori of acottstic energy, th~ey appear

only BtI-vw fie1's a' wý:ich the .car'riers drift, faster than sound. The

f irst instabil ity causer. a decrease, In .trie sample p:urrent, which occuars

v iti~ki a ti-ne. of the order of -,icroseconds... This "current sa~turatlior." is

cazed by the- force a gr-:wirig ae-pustic wave .exer~ts on the carriers a~nd t i-c

resulltarnt chang~e :Ir. t~.e. electric field d~stribution along tLhe sample. C~r

rent saturation,, we 4 'ind, is observed at. fairly low, acoustic power densities.

A-L~i~- a:-1-stic p*~deinsitles are approached, the seco:-.Jinsta~t-i

W:-.i c'jl.~ .~~e..oci.air an~d traveling hlgý'. electric fielzid dr.a..r
i ~ rr,, otserved.n

For, t*:.e fir'st -,'m~e,. t oter,~ial pro:be. :r~asuremnnts. were. nade or. Y3 r --

Sin t:.e dis.:T-.cry of tl.e *.ra-.cii~r:Z narrow regiang. of e~ec~r~ec

1, i U&i figr cld donair~s were discoverea ir; both high resisi ivity Ph~oto-

canr;le~tj. rig. arnd low. rcisivity~semiconducting CdS. .In the case of sen',iron-

d--:cting CdS, the field inside the damain is of the order of 3 x 13 volt.s/cZ..

ti.t. donmai. w-'di.. is -3-iJ ncrorns, anld the vel ocity of the vraveiir.p dofral!

uas `fmmri -To be equal to tic'.&I-ear wave velocit.y, wivtcý,. Is 'L.7¶. -10. cr/s

1W be-lic ve tl.at t~he -trav:el irg, h :gbh f eld domiri. s ca-Ae by a. ne~aiw

di, Vferent Ial1 t-Ak cor¾e-Itivit;: vh~er an acoust~ic sig-,g4 reaches pa-icr dcrisi-

ties w~ie.ic art, ci t.'.e* order o., watt's/cm ! he rnegative differen~tila bulk

ý;ond_4ctv-itY' Slav exisi. Itcaaise of the forcc.. exertled on the carriers by a:.

a .coustic wave un.-icr conditiont of amplIfitest ion. The travcllng high ,field

domairn Is otscrved to t'orn. ;.ti,L the acous ti e~nergy.- rescihes a 'fairl.; well

d-.-- ir.ed levul. Ti~e tr~avelinrg high. field domain consists of ar; acc:imilati.:..



and a depletion layer of mobile charge carriers. Experimental evidence

indicates that an extremely high intensity pulse of acoustic energy ac-

comlanies the domin, forcing it to travel at the sound velocity.

Curreiit saturation and current ostillations are very dependent on

the resistivity of the piezoelectric semiconductor. Current saturation U
is most pronounced in materials having a resistivity of the order of

103_10 ohm/ca. Current .oscillations are large in highly conducting "

material (0.0.1-100 ohm/cm) and decrease in magnitude as the resistivity

increases.-
Square-wave type current oscillations and the travelirng high elec-.

-- tric field domains in cadmium sulfide were discovered and studied. IVu-

merous ex;1erimen,.s were performed to determine the behavior of the 'tr- v-

elinC dormain, the oscillation conditions and important parameters. Ux-

peri•ti;lal results lead to trie conclusion trhat both current saturation

and c,:rrent osc-llations as observed are due to amplification of the
,...ear wage componen's of thermal acoustic noise.

Sorge further details on this work are availatle ill.A1C-TH-! -34'
(i.:.. R'.port ':o. 1 3iL9), first regular statjs report for the contrac.i
A com reuensive presei~tation of all the work on this project, i,,cl.Ji:nM

tLe researcl; performed after it was transferred to another contract, is

ij. the disser-'Lation of W. H. haydl, -Current Instabilities n: Piezoelec-

tric Seracor~ductors," Staueord tLniv-rsitY (Marcv 19 ..
f]

PLA'SK I (C. F. Quate, R. B. Thompson, and B. Richardson'

It. lI:1TNODUcTI0!

When the work of FiPase 1 above was transferred, nhij 1,:-'iect. aistdi

its foc-is to the examinatio,. of various systems of paranmetric amplifies-

tion of a.o&5stic "aves. A system in whiir. acoustic waves could be trans-

rr.itted t1ro-,h a suitable crystal vithouit loss vould., in o ir view, reo.oVe

a 1 1:,damcrtai li.itatict. of acoustic delay lines. 1Jucr. i:;teraef.tions j
should also provide a tethod of ger.eratinV hilg. irntensity souind colurxr.s J

in a most efficient way.
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t We studied a family of problems associated with the parametric pump-

Ing of a strain wave by either a strong electromagnetic or strain wave.

Various nonlinearities in both insulating and semiconducting crystals la\'e

i:een consideredas a means of coupling the waves.

B. RESEARCH SUMT4AY

I. insU.it~ing Crystals

In certain insulating crystals, the elastic nonlinearitles offer a

"mearns of amplifyina a strain wave by a strong strain wave pump. 9  These

nonlinvarities were extensively studied in three materials! 7  quartz,

.. ..... MgO, and MnFe. Sinusoidal waves (typically at 500 Maiz with a strain of

10") were excited by transducers-at the end of the crystals. As the

waves propagated through the -medium, they rapidly became deformed and

the following effects were observed: variation of the attenuation of

the fundamental with power level, the presence of second ttroug".: f2.if

acoustic harmonics, and the growth and decay of these har-ornics as a

functior of distance traveled by an acoustic pulse. These phenomena

were all satisfactorily related to the acoustic no-.lirearities.

2. Sev.izonducting Crystals

Lr: Fvc-zoc.2cctrlc se on~jct,.6 cr:stals,'"' ' the necessary; no:.-

linearity is prz-ided ly the drifting carriers; each acoastic wa-.e is

accoompaniud by a carrier wave due to tLie piezoelectric property of tne

wudiufu. '?he electric field can directly interact with this carrier

wave. Calculations have indicated the form of the interaction to be

highly promisin., although the fabrication of the experiment is cuirrently

a problem.. This amplification sc'.-e appears to be of treater promise
than the one for inslating crystals. The nonlinearities are of large

etioýg,. magr.itude so t.n:at significant amplification can Ie observed for

readily obtainable pump. The other schemes are currently limited by

available pump powers and nonlinearities.
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* W. H. Haydl and C. F. Quote, "Current Oscillations in Piezoelectric Semi-
conductors," Microwave Laboratory Report No. 1446, Stanford University
"(June 1966); also published in J. Appl. Phys. 1, 4295'-4309 (October1967).

H. B. Thompson, C.D.W. Wilkinson, mad B. A. Richardson. "Finite-Amplitude
Acoustic Waves in Crystalline Solids," Microwave Laboratory Report
No. 1561, Stanford. University (July 1967); submitted to J. Acous. Soc.
Am. and presented at the 7 3rd Meeting of the Acoustical Society of -
America (April, 1967), Paper M•.
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11l. CARRIER WAVE PROPAGATION

(G. S. Kino, and J.- Ovens)

A. II4TRODUCTJ1 ON4

Th e inh~ere~t., in~stability a~ssociatted with a bulk negative resistivity

has been the object-of considerable study. Negative resistivty occurs

whe 1-1. _.ecurrent decreases with increasing electric field. The two types

have bae-~ *terwird the. current. controlled and voltage controlled differ-

ential. nera'_1ve .resistivity. Current cont-olied negative differential

-esistivity is one in which for a given electric field the current can

have imil~tiple valu.es. The commron. exam~ple uf thi.s type Is a gas discharge.

Ini a gas discharge t.--e current is linear at low fields, and as the field

inacreases, ionaization. beFA:.s and resistance drops. Thus, to maintajin a

cOnstant cuirrent, a lower field is required. Thi~s is a negative resist-
ar~ce. character--.stic. Teolage controlled negative diffe erntial r-

sllstiviiy i s o:.e ir. w i ich for a giver, current the electric field can hav-

truoltiple va.0Lie~s., A well known. device which exhibits a voltage controlled

nelgat ive resistviLty is the Esaki or tunnel diode. From the, experimrental

wz'rk nf ý-nr, and -:.c yrevio.;z work of Riidley, it has tecoire- e,ýIdert tf.al

saritcond actors car. exhibit a voltage controlled negative.differerntial re-

sistivity t~hro~igiimoct the bulk of the rmaterlal. This case Is quite dif-

ferent from the t'u-.nel dilode, in. that one Tr;st consider the spatial vari-

atior. of fields and charge throiutghro.at the sample. It was oar purpose to

S'Ldy in detail the struct,.re of the "high field domain" gen~erated in

materials whici. exhib4't bulk negative differential resistivity.

Thecor-'tical calnalatlor~s were carried out using the most recen~t

velocity field cnaracteristics and diffusion field characteristics of
!.lcn and Kino. T -e results s*-ow consideratie differences from earlier

calculat~io-.s. F~rom L. .e e-iaracterlctics of the d-alrins, t~e. domai~..p'

tentials req iired for avalan~chin~g were calculated and from. these resulIts



the inherent. limitation imposed by avalanchLpg was analytically specified. 9

We also carried out experimental studies designed to complement. the theory.
8

Avalanching within the domain van observed, and the characteristics of

the radiation from this avalanching was studied. Capacitive prcbe meas-

urements were made on the domains to study the propagation characterist irs.

Finally, the effects of sustained high domain potential were .studied It-,

detail. 8

We feel that the correlation between the theory and experiment is

good. We can now accurately predict the avalanching characteristics of .

Cunn oscillators and its consequent limitations. A'comprehensive report

on this project is now in preparation and should be completed in the near

future; full details on the theory and research will be presented.

PAPEFS Alt PUBLICATIONS

j. M. Owensl amd S. Kino. "Multiple Current Sp•kind i, Lor." Gunn Cscil-
lators," Microwave Laboratory Report lio. 4i668, Stanford Universitv-•
(September .•140; alsopublished In Pihys. Letters 23, 53- 55-6 *iovember. 19" ..-6). "

GJ. . Rui.ch ac:d G. Z. Kino, "Measurement of the Velocity Field Character-
Istic of GaAs," to be published in Appl. Pnys. Letters (Jan hary lqei.).

f.i

[I

Ii'i
r "V2



I

ii

if

IV. WHISTLER MOM.F PROPAGATION IN SOLIDS

(G. S. Kino, J. C. Eidson, J. Shaw, and B. Burke)

A. IT4TRODUCT1014

Helicons, i.e., the whistler or helicon mode of electromagnetic

wave propagation, can propagate through a solid along..& de magnetic

field at frequencies below the carrier cyclotron frequency and .are

damped in - disirance .which -depends on the carrier mobility and, magnetic

field. The requirement 1or low loss propagation is easily acnieved in

-,-pure n-type InSb at 77°K and fields of a few kilogausm; thus. this mate-

:-ial Vas chosen for all of our experiments.

B. RESEARCH F: tN.RY

Initial experiments with helicons involved the transmission of 55', GHz

sienals thro'.gh a thin slab of InSt. We observed the dimensional reson-

ances of-the, slot Seen by others in the cases vhere helicon proPadation

"was parallel and perpendicular tc the magnetic field. Comparison of1
theory with our measurements yielded satisfactory agreement, and we be-

gan pWanniun the -core sophisticated experiments with helicons described

bc-low.

At th-is time reports appeared in the literature of microwAve emissix_.

fron in..b s.'b ject to electric and ragnetie rields at •OK. These experi-

ments were repeated in this Laboratory, and some impzrtant new observatioi~s

were made. The noise emission was found to extend from 30 M.z to beyond

X-band and could be seen at low electric fields (- 10 v/cr.) and magnetic

fields as lou as 2 kilogauss. We reported the first observation of single

. freqe.ency emission at S-band from Ir.So; the oscillations were voltage

tunable sa..* had power levels 10 to 20 dB above receiver noise (-90 dBm).
A paper co:ncerning the details of tnis phenomenon appeared in Applied

Pl.ysics Letters (Iidson and Kit.o). Subsequent measurements 'revealed
""- .rtner narro- ' band osc!llaticns of highcr po cr (-_4. d~m) at ler fre-

q',encies (0.1 - 1.0 GHz). 4 'D
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While the origin of the noise and coherent emission remained a

Dustery, theories were advanced which suggested that a helicon-drift

,current interact ion mi ght be responsible. We then began carefu~l and

detailed measiirementE of the phase velocity and attenuation of two

helicon~ modes propagating along cylinders of InSb at S-bat'J frequencies.

Ii

The measurements were among the first in semiconductors to demonstrate

the effects of loundaries, on guided helicon p~ropagation, and yielded--

very good agreement with ex~isting theories. Drift currents were applied

to the sample to see if an amplifying interaction was present, but none

was observed even for electric Tields far above the noise emnissLuii kirs.

-i.

old. e The origins of thes measuema4coeents er isrseontrmied atacnene

auridwren interction ishd 'Bure aepndsible. W hnbgnerf~ n

J. C. et idsoe . adr.n S. Kio.)t "A New Type of tscIluation in ondi'ir" Anwti-
teeonides Microuave Laboratory Report elo. 1o02, Stanford ny:Aversid
(Januarye19' 4e); also published in Appl. rtrys. rents w, appled
(AjirLi 9c

J. C. Eidson and J'ul~lana Snaw, "Oscillations and Foise in I:;;dium! Anrt I-
monide," t1i'oowave Laborat~ory Report Tio. 1454, Stanford UriversitY

B. E. Tsprke and t . S. Kifo, "helicon Wave Propagation In prent, %-tcro-
waobervedevn La oratcy Re-t . lstarbnfoerd University (Mayss lIth) -

also published in J. Appn. hyso 3., 485" (November
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V. THEORY OF CARRIER WAVE PROPAGATION

(M. Chodo-aow, G. S. Kino, T. Wessel-Lzrg, and P. Gueret)

A. 1IrTRODUCTI.O.4

An ifit.eresting and potentially useful property of a plasma is its

ability to suprport a large variety of wave types. Waves in gaseous

plasmas have been the object of extensive research for several decades.

The sabject of waves In a solid-state plasma is a more recent,one. The

stL;dy of sue|, waves is stimulated not only by the fact that material

properties can be studied this way, but also by the hope that. they Boy

have technological importance in ndcrowave devices such as amplifiers,

o::illators, and :electronically variable, dV.ay lines.

In spite or eznsiderable differences betweep' gaseous ard solid-

state plasmas, manry striking analogies, exist bet-een them from the pwn!

of view of plasm phenom•i:a. -This project was concerned rnre Partictlcarly

v it plasma r.'perties of conduction electrons and holes in sendionduct"-ws

ar.i semiretals, both intrinsic and extrirsic. ,n extrinsic seraicond;c..ors

one is dealinp vi.,:. one carrier species; ir. intrinsic seW;cor ductors as

well as it.: extrir.s i ones in the presence of high iriected carrier densI-

tics, '.`.zre a:re two sp•.-ies of carriters w•"t:. ecoal ¢:" i*earl e':al dc:;si-

.tics.

The pu-Arpose ot this project was to cxami;e tne different .- ave iyP•.S

"--wich Tray exist in a solid-state plasma under a variety of conditions.

These cond'tiox.s are essentially the presence of arbitrarily oriented

electric and magnetic fields E and B It turns out that the re-
I I.. .. .I : . . 0 -0 '

laiive orientations of E 0  anr.d P0 in space are an important factor in:

determining the nature of thv existing, waves. Cases were studied where

oi.ly one type of carriers (elec'trons) was present, ar.d cases where toti.

types (electrons and noles) exist withinr the material.

This project was initially titled "Transverse Wave Studies." The

r(-searcn dur:.ni; the early staves res'-ated i: five teci,,aeal ,leports,

1l:ste6 below. '.. I'.as from ti.£s p:eliminar," work that the prese.t procc'-

4



ev olved. The final. technical report. on this projecL. (M.L. Report N~o. l!.,33)

reports the details which ame bri~efly summrized below:

I'. I1uHaRC E3UW4Ay

"We concentrated on a type of' slow wave called carrier wave because

it. has a phast, velocity eq ual or nearly equaal to the electroni M-il1

*velocity. Under suitable conditions, these-carrier waves can have very

*I ittle damping, or can, even grow ixn spare (convective inst~ability).

'I'VC1hzioleogicalily,. this Is a very impor'tant result since it means that-
sulid-stsIte delay lines or' amplifiers can be wnilt unding carrier waves. ~
Another 1'ossIbLlIty which was examiniied concerneud waves whioae -amplitudte

t~rv~s uant -frily in time (absolute instability), in this casei tht! ob-

vi o-is drvi'ee eappl Lcation wv'uld be. a solid-state osc~illator. Bes ides. i he.

Porssible d'!vize awlicatiotas which can be derived., tt-i s Stu~dy was. alsoi

* aired at fiiidi:.g sarn: soirt of reasonable "-plat;ation for a no~w 'ramiitar

phlenomenon knOwn as *'mtierowave emissior, from Di~t." I
wt.v xamintvj a- -.arict. Of inrsta'. fLlyi_ý' ?.,. a' r-Av Occ*ýr :S~emicoa;-

d .t~:~.orst-:.i-c'als. In r-_,st sit'..aiorns st.-ai Led, t":e etn.re..y wi.ici,

G'istaihsr tj-ej it.st.aiLAItics' is supplied by an exter-:.al- electric field
v:.i,-r. drifts ti.e cart'Lels in the solid, 1,. t:.e cast, th~e en(irt,_, cIaTWS

f romr at; exter:.&I yum w!hch ;erturbs t;.e carrier dis-; -Ioulit ba. osv. 1A

t I I LL r i! z an. craes sonmc. sor-t ofT population. invers;o.n. !:xcei't. it

fiel ."

I'~JfA;>. rPtjbi.jCA~ ILP!.S

.Ort lvs.A-se g, "C'o:~.! c.t.: Yroo:esses, Iorvral ?4odac:, an.3 Drif't 2nt~
I iiesIn .4a -SeVni-CO:dAuctors, Microw.avt: I.etoratory flu-port ~. 13.

5tanfori 'inaiversity (Ari M9.) V.~Iia ieo1,hA-~3

(nbt19mbe . ADl No. 62h 089. -

- ? as ... Os "Tansver-se Waverts i~n Accelerated Paral le' -71low Electron: R3eams
- C:;z a:t Mg!.t I 1- ed,"Di sserthljo'. Ioa Mi crowir~e -I&-oratory

hepurt No. 133 Sta;f ord 'Universi~ty a:l )j
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G. S. Kiiio, "Carrier Waves in SemLconductors," Microwave Laboratory Report
N1. 1353. Stanford University (August l9t5)1; Technical Report, IJrC-
TR-U5-34; (19b').. AD No. 624 090.

1. Guaeret, "Wave Propagation on Crossed Field Electron Beams." Microwave
Laboratory Report :'o. 1359, Sta:.-ord University (August 1965).

Tore Weasel-Berg, "The Electron Beam as an Electromagnetic Medium,"'Micro-
wave'Laboratory Report No. 1378, Stanford University (Niovember 19'.r,);
Technierl Report, RADC-TR-65-530. AD No. 486 688.

u. ;uere.,, "Wave Propagation and Instabilities in Serieonduetors,". Disser'a-
ttLon, Microwave Laboratory Report No. 1533, Stanford University (Ma:.
196,); .•echnica! Report, RADC-TR-67-339. AD No. 819 155.
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V1. MEN~DED IN'IthAUUON IQ.YSH.J4RS

(M. Chodoraw auil B. Kulke)

This pruoject had been underway an the predecessor contract and was

nearing coniplet.or when the present contract began; the YIrst Sendi-Annuail

1Repcrt or, this ccntract- reported the* completion of the research. At that.

time a technical report on thii whole research pro~iect was completed. TheZ

abstract otf this techni.zal report, by B. Kulke, titled "An Extended Inter-

--cto Klystron: Efficiency and Bandwidth," follows;

Fhe Purpose of this work was to investigate the~ dependence Uf t~oe

eff'iciency and the saturated bandwidth oi; the length. anid the loading,

cui~ditio:;.s of thle output. resonator, and on the bear. velocity. In an

extended-ii,teraction klystron. An experimental three-cavity exterided

i.rIteraction ki ysl ruN., wlth cavities con~rsistin~g ot rescmr.aý.eij scctions M'

riing-Lar s-..ructuru, was k"dtard tested. TYhe experimn~tal t lbe was

d-.-L, 'eu 1*or rul.;sed op;eratij~i near 2-5 .Vat 1100 Mic. 1'.e an'.iv~ enp

o!*-. o;-:tpt rezonator was variable betweer oi.e an~d f Ive re~z~oatit iLalf -

uavtrle1agu.%. Tlhý i:.jrt a:.d the intermediat~e cavities were madc I. 1;neble

so as t, simAilatf a ~i ,nd E tugger -ttired Lu c .n"ectivii. !Exploralry

steps~ lea-ding. uj to' t;.e f inal ttibe drsign were ti.f Invest I PA! 10!. of a

~~.Z~~h ~ 1E rtU -S.PPj~ m-..i.. ! !u n -. an-l- t' .il.*, .rtr.

ti~o., an~d I t-umn testir.e cf a trhree-cavity UJystror o,,ers' U:.~ ~-a: --~ ~
at 2600 .1c. A!1' 'team tests-were carried ouit L.: Qta, 1iA

I&a.-oratory electrurr beam. contained inr a sleii&er e'iac~ial.tnj jzS-b t

w:.ILC:. is 1i~st~rted irnto trse structure to tbr* *.ested in 1 ic-; 0 ai -.- u

I.*aLL arc p~resent.ed wi.ich lead tc V2.,- !ollawirqc'is'rn *

:a... isV I e.~l 5i'crprsed, Vii~ ak5 efA'f Li -fs' I- 'V '-

t, y .. YtI.. -.sthe. load~i.w. is red..ced, for a ;± c a, 'y -

e ff 1 I -" .i~.erally: rs*-s nonot~onlBajly ,zt.il -r.rrd~~ 10.Iai-

I:.:-~~~~~~~~~~~~~ rvhr s* L: , 'sc ~etrli.-cv .- oý,ja ; a .:.L

.' 2.tt~ ~ r'..i~rii~''. cait;c'2C*



frequency of the design resonance. Toe necessary suppression of reger.-

erpative caciilatior. in adjacent resonances becomfes mutre difficl~lt as tI~e

cavity length is increased; and a basic limitation on cavity length is

g Ivc- r by the quality of the coupler, wh Ich must be capable of providing

uniform and heavy 'Loadiing over a broad frequenc y range.
The mosat significant aspects of this work were sunmmarized And

published In a paper by Ckiodorow and Kulke.

PAPERS AND PUBLICKATONtS.

B. K--ike, Er xtended-Interaction Klystro'n; Efficiency anid Bandwidth,"
Dissertation, Microwave Laboratory Report No. 1320',ý Stanford
University (.May- 1965).-

M. Chodorow and B. Y - lke, "Ar Exter~ded-Interactiori Klystron.: E-ff iciency
and Bandwidth," Microwave Laboratory Report No..- 13,37, S~tanf ord
Unl.1ersitv (Jurnc lct6r); also p'±1is.hed IT. IME 7rans. Electron
r.4--.ices MD-13, 149-447 (A~rUr !96)
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VII. CMIPEE Twr
(D. K. Winslow and T. Reeder)

A theoretical and experimental study of the amplitude and phaseI

characteristics of high power, broadband traveling.-wave tubes using the

Centipede circuit was completed during the first quarter of this contract. £

A complete technical report was written: T. M. Reeder, "Amplitude and

Fhase Characteristics of Coupled Cavity Traveling-Wave Tubes," (March '9f.:).

- ._ The abstract follows:

"This investigation is a theoretical and experimental study of the .

amplitude and phase characteristics of high-power, broadband traveling-

wave tubes which use the coupled Cavity type of slow-wave circuit. A

particular: tube is studgld, one which uses the Centipede circuit. How-
ever, the results four .d here apply to other coupled cavity tuus s.-c1" as
the Cloverleaf or the Long Slot.

The theoretical portion of this report describes a small signal wa-.ve
theory for the interaction of an electron beam with a chain of coupled

cavity resonators. This theory, which describes the co-upling between

the two fundamtiatal space charge waves of the beam and the forward an.d

backward traveling waves of the circuit, has several advantages for

CO.p-ed cavity ,.-,,eS. Wh"le the three wave Pierce theory erroneously

predicts infinite grovw:•g wave gairn per unit length at the circuit hand-

edges, ti-z t•n•ry given here does not. An equiivalent circuit w.iclh is

a: accurate tie, .rical analogy of the Centipede vavetuide is used tc re-

present the coupled cavity Circuit. The effect of circuit loss is In-

cluded. As far. as electron beam dynamics are concerned, the ceapled

cavi-y is represented by a series of planar interaction r'aps, eacl. oeL:f

periodic length long. The source and load terrdtrae'on; of the crreuit

are represented by resisf.'.ve impedance. 11.,us, the !.ery ncii4e• t.c

esse::tia! •Lys ical featu,-s of coupled cavity tubes in a way that is

analytically straight forward. The theory is used to calclate the re-

lative rf '.teld amplitude arid phase seer, at eac. (cir::- t :-a5; . "

I
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cot.strt.ctir.v graphs of cavity field .amplitude and phase versus cavity

position in the tube, the iaripuOs types of wave motion existing on the

circuit are studied as a function of frequency and tube operating con-

ditions.

"The validity of the wave theory is supported by experimental meas-

irem.nts of' the Centipede tube. Measurements of rf. field amplitude and

phase at each coupled cavity are described for a Centipede tube designed

for S-band operation at peak paver output in excess of ore megawatt.

All mieasuremi-nts were performed under small signal conditions. -Amplitude

.and phase measurements were first made with the beam turned off so that

the cold attenuation and phase characteristics of the Centipede circuit

could be obtained. Later messurements with an accelerating voltage of

100 kV and pulsed beam current of 61 amps showed that the rate of growth

and phase shift per cavity of the growing wave could be accurately meas-

ured with this experiment. Especially interesting were measurements at

frequencies near the lower cutoff of the Centipede circuit. Beating

waves with phase shift per cavity close to the beam phase were seen in

the oi-*,ut section of the tube despite high circuit loss of 2 dB/cavity

at tL.is frequency."

A pa.per tas-d or., this work was later subm.itted for ptut.lication.

Earlier related w•rk on the predecessor contract resulted in two publica-

tions pertiaent to tnis project.

PAPERS AID FUBLICATI(XS

T.M. Reeder,."Amplitude and Phase Characteristics of Ccupled Cavity
Traveling-Wave Tubes," Disse.xtation, Microwave Laboratory Report
"No. 1307, Stanford University (March 1965).

T. M. Reeder, "Ani Equivalent Circ-it for Coupled Cavity Wavegjides,"
Microwave. Laboratory Report ITo. l;41, Stanford University (April

g966); submitted to IEEE Trans. P1t.IT.

I. J. Behr, "A Coupled-Monotron Ar.alysis of Band-Edge Oscillations in
IHigih-Pc'w'r "rave.ing-Wave Tubes," Microwave !.aborascry Report !Io.
12'l-4, "tai;ftzr Uri:ers'ty t October 19.'); also rbllshed in "EEE

:- re. r.P:;i.:n FE.-12, r.4 (Oct~oobe:" 1-90,
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VI 1. TIM13tDIC FERRI~TE DEV ICES

(M. CInodoraw, H. J. Shaw, aud W. F. Eger.)

A. N. .I"R OIDICT I ON

A Uearetical. an~d experiwental investigation of a new~ ap'proach to

variatle signal delay at microwave frequencies was conducted. Thi, prin-

etfal feature of this approach was the use of an array of yttrium *ron

rgarinel signal crystal -sp!reres as a periodic propagating circ;Jit. An

applied dc ragnetic field controlled the center frequency and width of

t:~passbard. Varying the magrniiude -)f this field changed trae velocity

oe propagatioti of tr~e mricrowave signai"A alon~g the array for a giver. fre-

q.:ency. This systerr has interest as at. ellectronitaily controlled delay

2ine ir~ tbr- rianosecond-to--microsecond delay range. ar~d.also-as a YI',frf--

filtcr whose rassbend widt' a. well. as center freq ~ente-y are ele~c-

-trornical-y var-ab-ie.

A the~retical analysis has been.Trade of the 'propagation~ of rf W. a-

~ z~ r. al- j-' a li-.ear array of ferrite spheres., which resilt~s fr.'wzr

maia.,:etic'd;.4Iar ftdcoupli~n. be~tween the varicrass spheres. Uslang i.

dlr~rr~ta e 4~ua -r5 Cwi '. wir ragnep~io:iatert~ io~

t~ic&1 -,roTagation and3 atte:.uation constants and group velocities werc
caWdaed iCl.dr -t r~vai practical. effects of dissipatior. ir

the ferrite -ram'ples, cylindrical shielding en-closurea, and multiple

neighbor, couplin~g. Basnically, t.!e propagation onl the array. e-hanges fro-rA

lIackwari va.-e pi'opam:fatioi. (oppositely directed -phase and grour: velocitliet)

w~e U¶ dc :rar.netic field Jis orier-ted elo:-;g the array axis, to* forward

VaVr. v6atii vLen~ the ýIc fielid is orien~ted at rIght angles to t'-e

arra-. aXLIS,. Com-p~iter gen~erated *curves for a rariety of cases have beei.

C...- .-a' d a.; mayV~ fuur-din *the 1ec~ repcort- br F'orin.

11. cxycrimen'aJ YP!, array-, one havine 5 spi-.ras and op.~ YKaving.

W r~ .S we:- constri;cted. -h~e YlA"; sphmeres 'rad iiamneter zof O.0,'X5.;



inches, were spaced 0.120 inches on centers, and had isolated linewidths

of 0.36 oersteds. An array fitted with very loosely coupled input and

output waveguide couplers was used for determination of the dispersion

cu'rve by means of resonance measurements. Such meassurewlerts can accuvattfly

determine the dispersion curve which applies with perfectly ratched coupiur:,.

without the necessity of designing such couplers. Close agreement was ob-

tained between theoretical and measured dispersion characteristics. The

details are given In the technical report by Egan and in the paper by Egan,
Shaw, and Chodorow. An array was also fitted vith input and outpiat cotlplcrs

tightly coupled to the external vaveguides, and steps were taken t-. apprxoxi- -
irately Match these to the ferrite array.7 The array was operated at S-band

in the range of 3500 to 3900 M1{z.

It was Lot the purpose of this project to undertake er:gincering desit-n

of broadband couplers which would be matched over the .passband. 1-.wever, .1
it was found by triiing the couplers separately at each point across the

,assband that the insertion loss could be held reasonahtly "ift acr-c"-,-

rassband, and that insertion loss for the structure was g.ener'ally in t;.,v
range of •. dE. The Passtand width, iel terms of applied dc .1m•.e'tlc Vle].

variation. required to take the structure from one end of the passt-and t.
the other, was arO'and 30 oersteds, which corresponds to a frequIency band-

vi'[ .itf sni~ 8:. l.•-z at corstant dc ragnetic field. 1-t•as:rij slinal dcla.:
I:, ILe structure varied from some 50 nanoseconds near band center to .

nanoset::d- .tietar. the b"n, edg-'-.es. Th-1Z s 1 b 13 fAezo of two ti;at.
tne delay variati.L-, predicted theoretically for this part.Jc.-ia" str.e,-. -

.!io'ever, ir. gerierrl, tire dele .y wricr lie ir. the rar,-e of short delays

e-.co intered here, ar.. which vary rapidly with fielJ and f' ec :ency. ar-

dit"'4'' to rmasure. Special techniques were. employei in t:.e j,.tas.r--

nertis, USizh t•' independen:t systems, but ti.e resultir.g aceracy .s

"T!.e ol._-co.e of .:tte measirements on the experime, t!a Y" a:Ta-.s is

t:.Bat tilse passband width has been well verified, 1y ,-A. :'.,:.aue :..a.,'I-

:i :z,.c:s ard t ,' ss i ot :w-asurements. and t-at .. a..ure,' nc delays are o:
-.• .,,t order.9 Mori detailed inforiration; un: tIo 1 . o S L aSýl5.-

:.•.:1 : j5 l:.'-'o ~~r sa.t•nd i:, a tech. .cal r ' to..,'",.-' to t .. . .S "



con•'act. Sorm quantitative considerations concerning possible appl~ca-

tioi:s to variable delay lines, and also to electronically variable pro-

-egat ing clrcilts for microwave amplifiers, are giver; in the Egan reporo.

PAPERS AND FJBLICATI(MS

W. F. Egan, "Microwave Propagation in Periodic Ferrite Structures,"
-Dssertktion, Microwave Laboratory Re ort-No. 1535, Stanford
Univers.ity (Nay•1,67); Technical Report, RADC-67-377 (August 19--7N.
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W. F. -Egar., I1. J. Shaw, and M. Chodorow, "Propagation and Variable Delay
. ....... on a Periodic Circuit of YIG; Spheres,"' Hicrowave Laboratory Report .. - _

tVo. 1•-17, Stanford University (December 1966); also published int
J. Appl. Phys. )8, 1230 (1 March 1967).
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IX. ADIABATIC MAGNErOELASTIC CONVW2SION IN THY .TIM•E DOMAIN

(B. A. Auld, J. Collins, and H. H. Zapp)

A. INTRODUC1I]ON

If the velocity of propagation in a ferrite medium varies with time,

the wavelength of a propagating signal is conserved, while the signal :

f iequency varies with time. in a medium where both the impedance &,,d the

velocity of propagation are time-varying, a reflected sig'nal at a shifted

frequency will also be produced. These effects have been well-known for

several years, but no experiments had been reported at the couencement

of this project. In this project we were concerned with the effects of a
t

time-varying applied magnetic field or. magnetoelastic waves propagating

i:. a ferrite medvur.

Magnetoelastic wave propagation in ferrites provides an ideal meai-s

Ior realizine. suct. effects experimentally at microwave frequencies, since

the short wavelength of these waves allows the use of small- samples a:nd

ti:e time variation cap be induced by means of a tine-varying wa&tnetiC ~etld.
An*'ther advar~tkce of the ferrite medium is that the marnutoeiastic waves

are hybrid waves extending over a range from pure spin w•'aes to pure acou-Rt Ic

Vav-ec. ,t 15s tnereiore poszibie to convert a:: mu-.2 wave t•n,• a z•i::

wave at the same wave number, and vice versa, by using a time-:aryin:g :raz-

::ettc field. A spit, wave has a group velocity which is several orders of

nngnit~le stroller than an acoustic wave; by thus controlling the tIme spent

:- the spin wa.'e state, stora.e of a .ulse ii- the :nediu,•, is perm;t:.Ld.

QtC-er possible signal processing f. nctions wl.lc- r.tiztt "e realized i!. a

ti r-varyy:r.n magnetoclastic medi,-= are: (I) fr-.,ercy t-ans~ato:; of

1-..ses, (2) freaaeincy coding, of pulses - for exa .r.le c!.A'i !.", (3 ; %..;Ise

str-tc`.ing or shrinking, and (I4) reversal of a rpilse wavefoh'f. Ii, ti,;_..



B. RESEARCH SUNMARY

Using as a model the simple time-varying, spatially uniform transmis-

sion line including losses, a general siolution was obtained which illus-

trated the general limitations on the time. variation:

(1) The duration of the time variation must be less than the relax-

ation time of the wave.

(2) Appreciable reflection occurs only when the duration of the

time variation is less than a period of the wave ksee M. L.

Report No. 1582).

By approximating a gradual change in the applied magnetic field as a

sequence of small discrete steps, relations were obtained for the ref lec-

tlon coefficient of a pure spin wave traveling at an arbitrary angle. In

the same manner reflection and scattering into other modes gas evaluated

for a magnetoelastic wave propagating parallel to the magnetic fielde.

It was concluded from these results that reflection - and consequent

time reversal of a pulse - would be difficult to obtain at -ricrowave fre-

quencies. In the usual experimental arrangement, the ferrite sample is
saturated !manetically; the internal nagnetic field has a time-independent

spatial:variation. Under these, conditions a separation of variables sola-

tion has been obtained for a spin wave propagation parallel to the applied

field (see. M. L. Report No. 1582).

Four basic experiments were performed under this project:

(1) Frequency translation of pure spin waves, with a shift of 550 MHz.

was obtained at L band using an applied field dlse of approxi-

mately.200 Oe and spatially orthogonal wire antennas for coupli:v

(see M. L. Report Mi. 1492 and 1506).

(2) Frequency translation and partial mode conversion of vagneto-

elastic waves was observed (see M. L. Report No. 1501), usir.-'

-a piezoelectric film coupler on rods of YIG and Ga-substit.uted

Y1(;. The results were in good agreement with tt•eory.

(3) Frequency modulation (chirping), with Aubsequent plse compres-
sion, inversion and expansion, has been observed .see M. L. i'e-

port iso. .1506). In this experiment the signal Is co:apled ir, Ly

- 3;



means of a wire antenna and the magnetic field pulse is applied

at a time when the signal pulse is in the magnetoelastic region. 3

Pulse compression ratios up to 35 were achieved, and substantial

agreement with theory was obtained (see M. L. Report No. 1522).

(4) Variable magnetoelastic delay up to 50 lsec was obtained at I,

band and room temperature (see M. L. Report No. 1509), by ,ising

the pulsed magnetic field as a gate which removes the turning

point from a wire excited ferrite rod. 8

Magnetoelastic wave propagation in a time-varying ferrite medium

provides a means for realizing rather complicated signal processirg func-

tions in a simple compact structure. In an effort to make systems designers

aware of these new possibilities a review article directed toward the non-

specialist, has been published: B. A. Auld, J. H. Collins, and R. Zapp,

"Microwave Signal Processing in a Nonperiodically Time-Varying Magneto-

elastic Meditun," Proc. IEEE 56, 258 (March 1968).
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X. THEORY OF THE GUNN EFFEC

(G. S. Kino, K. J. Harker, R. Dunsmuir, and P. Robson)

A. INTRODUCTICt

The purpose of this project was to obtain computer solutions to the

Gunn effect equations. The model chosen to represent the GaAs sample was

time-dependent, spatially'finite and one-dimensional, and capable of being

characterized by a varying donor density. The provision for varying donor

density profiles allowed us to simulate the contact region at the sample

ends with a region of high donor density.

P. RESEARCH SUMMARY

The normalized equation for the electric field is parabolic and sub-

ject, thereby, to numerical instabilities unless the time increment is

made prohibitivity small. It was found necessary, therefore, to solve

this equation by the implicit finite difference method, which is known

to be absolutely stable. The simultaneous set of nonlinear algebraic

equations which arise from the implicit formulation were solved by means

of an interaction method which depended, in terms, on the use of a relax-

ation parameter. A theory was evolved for this relaxation parameter which

;ises a variable depending on the time-step, which allowed us to continually

determine it as a function of the evolving solution. Fall details for the

tnecry are found in K. J. Harker, "Numerical Solution of the Gunn Effect

4Eq,ations."

The nurmerical solution on the computer of the normalized equatLon

for the electric field allowed us to observe the detail of domain growth

and propagation. Early results with the program showed disagreement with

invariant domain theory, which was known to be correct. An exhaustive

analysis of' the computer program showed that the difficulty could be over-

come by writing the terms in the basic equation as perfect differentials.

'When the appropriate changes were made in the computer program, good agree-

rnent was obtained with the invariant domain theory. 8

4i



It was determined that one always obtains an accumulation layer

where the doping profile is constant with distance. Since, bn the other

hand, one always observed dipole layers in experiments on GaAs, a major

effort was made to determine under what conditions dipole solutions could

be obtained with the computer simulation. As reported by others using

computer programs, it was observed that a notch in the donor density

profile would cause the generation of dipole domains. It was also found

that an upward linear grade in the donor density from cathode to anode

would also cause the formation of dipole. layers.

A study made at another laboratory, to evaluate with the computer

the validity of Gunn's experiment,* was used by us to determine the con-

duction current density curve of GaAs. A set of parameters was chosen

for our computer program which simulated a range of conditions encompass-

ing those used by Gunn. Voltage pulses of various widths were applied

and the current density measured. For pulses in the range used by Gunn,

the current density differed from 10 to 50% from the theoretical conduc-

tion current density.

It has been experimentally observed by several workers that the re-

versal of voltage polarity has a marked effect or the current-voltage

curves of GaAs, especially just below threshold. A study of this was

made on the computer by applying a fixed voltage to linearly graded

samples and obser.ing the limiting current through the sample. This

process was carried out for donor density profiles both increasing and

decreasing toward the ancde in a sequence of increasing applied voltages.

Below threshold field the current density for donor density increasing

toward the anode was almost identical to but slightly greater than the

case of decreasing density. At threshold, however, domu"-n fcrmation

occurred for the former case and the correspondirg conducttion current

density dropped abruptly downward beloj that for the latter case, which

exhibited in domain formation. This caused a large di;fference between

the curves, as expected. One must conclude from this study that any

marked deviation in the two curves is primarily due to domain formation.

J. S. Gur.n and B. J. Elliott, IBM Research Note NC(-234 (Thomas J.

Watson Research Center, Yorktown Heights, Jul,, 18, 1966).
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XI. EXPERIMenTAL STUDIES OF GUIDED ACOUSTIC WAVES

(H. J. Shaw and M. 1. Gerard)

A. INTRODUCTION

The eventual aim of this project is to experimentally study a type

of acoustic propagation which has not yet been reported at microwave fre-

quencies. This involves guided acoustic wave propagation in thin films,

in which the waves propagate parallel to the plane of the film. AL lower
ultrasonic frequencies, guided waves in self-supporting metal strips have

seen important application as pulse compression filters. This same func-

tion, .as well as other microwave transmission signal processing functions,

should be possible using dielectric films deposited upon suitable dielec-

tric substrates and the construction is compatible with integrated circuit

techniques. Also, traveling wave amplifiers using these waves may be

possible, using electrons drifted in the film to interact with the guided

acoustic wave.

The activity to date has been concerned with development of the

necessary components for the guided wave experiment, particularly trans-

ducers for excitation of the waves, and deposition systems for prepara-

tion of the films. The transducers will also be directly applicable-to

surface wave delay lines and related devices at both UHF and microwave

frequencies, in addition to their application to the guided wave objectiv.e

of this project.

B. RESEARCH SUM4ARY

It may be useful to first describe the nature of the eventual guided

wave experiments that are planned under the successor contract, before

describing the work done to date on the development of components required

for these experiments. At microwave frequencies, acoustic wavelengths are

in the micron range. Evaporated thin films having thicknesses in this

range are readily deposited. The waves of interest would propagate parallel

J 43 -



to the plane of tie film, and the propagation characteristics are strongly

Influenced by the boundary conditions formed by the top surface of the

film an.d by the film-substrate interface. The waves are in general dis-

pe:A,;Lve and their propagation velocity and dispýrsion depend upon the

thickness of the film and upon the frequency.

The basic procedure to be followed in attempting to observe guided

waves in films will be to start with the crystalline substrate on which

the film is to be evaporated, which will contain transducers (discussed

below) for the excitation and detection on Rayleigh Purface waves along

the substrate surface. The substrate will be placed in the vacuum system

for deposition of an SiO film on a portion of the substrate surface which

carries the surface wave. The surface wave will be continuously monitored

as tie film deposition is carried out. This will allow measurement of pro-

pagation constant and signal delay as a function of film thickness. With

this procedure it should be possible to cover the range from zero film

thickness (where the wave is a pure non-dispersive surface wave with energy

o.ntirely in the substrate) to thicker films where the energy is largely in

4-he film and maximum dispersion is observed. For still thicker films, the

"waves will be essentially non-dispersive surface waves propagating on the

top surface of the film

The vacuum station for this work is presently under design. Initial

experimental work will be done with signals at 100 MHz, and carried to

successively higher frequencies after experience with the wave properties

has been obtained.

The transducers are inter-digital comb structures of the type analyzed

by Coquinn and Tiersten,t deposited directly on the piezoelectric crystal-

line substrate. Both quartz and lithium niobate substrateb .l•w;c bcr2•

employed. The lithium niobate crystals are grown at the Center for

"Materials Research at Stanford University.

Quarterly Status Report No. 34 for Contract Nonr 225(48), Microwave

Research," Microwave Laboratory Report No. 1592, Stanford University

(October 196"').

C. A. 'Coquinn and 11. F. Tiersten, J. Acoustic Soc. Am. 41, 4 (Part 2)
-)21 4
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The present transducers are produced by photo-etci.ing of deposited

alumrinum films in a Vhoto-etch faca'lty estat.lished here for this purpose.

The transducers have 30 finger pairs with periodicity of 33 microns (two

fLingers pius two spaces), for fundamental mode operation in the vicinity

of 100 Wiz. initial operation of these devices has demonstrated 25 dB

total insertion loss at 118 1{z.I0 This includes contribu;tions due to

Hl-directional propertie6 of the transducers ( 6 d?), electrical irmped-

ance miisuAtches (- 6 dB), and losses in the electrical boids to the combt

electrode,: all ofwhich are subject to elimination, and this will be

undertaker. as a next step under.the successor contract, which shold

very substantially reduce the insertion loss. The above insertion loss

also contair.s tne acoustic transmission loss In the substrate, bhicL is

unkiowr. at this time, but which is known to be strongly influenced ty

s-trface comutamination. The cw mess'aremrents of the electrical input imped-

ance of the transducers as a function of frequency, in the neighborhood

of bcoustic s}rnchrornism, .. l alloa separation of the varioas su-.rces o';

insertifor loss, and sho'uld provide very accurate meas uremeirts of thes,
q, an~tities.

,- ..



XII. YIG DELAY LINE STUDIES

1. DOUBLE-ENDED YIG VARIABLE DELAY LINE (B. A. Auld, H. J. Shaw, C. F.

Quate, and D. K. Winslow)

Magnetoacoustic waves in single crystal ferrites offer the simplest

know mechanis.m for achieving variable microsecond delays at microwave

frequencies. Practical utility of these devicer has been limited by the

fact that in their usual form they are basically one port, or single-

ended-, devices.- The present project was concerned with a new scheme,*

for overcoming this problem (see M. L. Report No. 1'(5). The approach

we used utilized the acoustic couterpart of optical quarter-wave plates,

with the objective of converting a single-ended YIG delay line into what

is basically a double-ended device.

Experiments performed on this system at Stanford gave very poor re-

suits. This was attributed to the poor quality of the polystyrene and

phenyl salicilate bonds used to fix the quarter-wave plate to the ends

of the YIG. However, the theory of this device stimulated experiments
t

elsewhere, which were successful. This was due to the use of high

quality optical contact bonds (96% transmission at 1 GHz) for the quarter

wave plates.

2. ELECTrRanIC FOCUSING IN ACOUSTIC DELAY LINES (B. A. Auld, J. F. Collins,

and D. Webb)

This project, which evolved from the preceding one, is concerned with

another approach to the realization of a double-ended YIG delay line. In

principle such a device might be realized by using a YIG sample which is

shaped to give a concave-upward internal field profile. However, it has

"B. A. Auld, C. F. Quate, H. J. Shaw, and D. K. Winslow, "Double-ended
YIG Variable Delay Line," Conference on Electron Device Research, Pasadena,
June 1966.

t H. Van de Vaart and H. Smith, "High Efficiency Polarization Reversal

of Magnetoelastic Waves In YIG by Optical-Contact Bonding of YAG Disks,"
. .ppl. Fhys. Letters 9, 4339 (1966).
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i been shown theoretically** and experimentallyCt that defocuslng of the

! m•netoelastic beam prohibits operation in this eonfl•uratton. Success-

T Sful two-port operatlor, had previously been acl•leved by using s profile •

! •blch is concave uFward at the center of the rod and cot.cave "•ward at

: the ends.tt The optical contact bonds described above* peru, lt toe use

of a simpler arrangement. Two YI• rods are optical contact bonded to "•

: opposite ends of a YAG rod. The field profiles in the YIG rods are then /,

a-of the convex-upward shape required for focusing of the mS•netoelastlc
- y.

beam, an• the acoustic waves is transmitted from one YIG rod to tl:e oiler •I

thro,•h the YAG rod. •

An experimenta! model of this device gave variable delay from • to

8 :|see with an insertion loss of h: dE at }+.'.,' •see delay.**" In the

S......... course of these experiments stron• evidence was found for the excitation '-•-:

of the YIG at the end face of t|,e rod rather than at the turnln• point
•L'L

(M. L, }•eport No. ,2•-). This should have important implications for

the deslgn of broad band couplir4• into the YIG structure.

A paper or. the relative uarlts of the YADY!-Q-Y•..G line and the YT-•-

v,,--.•,_ •:jv,- llne as •.=IsE co...•p•resslon filters .•.as also bee.-, pre.r.ared (:4. L.

Report NO. • •o\
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XIII. MAGNETrICALLY DEPENDENTr SOUN4D WAVE INTERAarIO.NS

(c. S. Kino, J. Rluch, and. H. Houte)

A. INTRODUCVT0?'1

In piezoelectri~c seficonductors, such t5 the III-V compounds,

acoustic waves can interact with mobile carrier& within the ma~terial.

Under the proper condit~ions, it is possible to transfer entergy froir a. --

background of movilng carriers to an acoustic wave propag&Lir g tlirou--gll

the mewdium.* Sucli amplification of acoustiý waves has leen observed iii

* -several materials, notably CdS and GJaAs. However, acoustic amplifiers-

made from these materials suffer from a problem of power di-ssipatiot;.

The drift. fields req:.:ired to produce carrier drift. velocitiehs a fe'-

times the sound wave velocity, where acoustic ampl~.ficatior. cati uccur,

cause a larg~e dc power dissipation. In the past this power dissipationA

!;as reqliir.od pulsed drif* field operaTion..

it has now been. siL"w hortialy tha0 itt t~h hie.1 roL111,

iriaterials-. t::e presence of atransverse mar~jnetic field car. h-a-.e a very

si,-niftcarnt effect upo:. the power dissipation; limitatior.. :o examrple,

at t::e cozudition of. irain-um acoustic gain, the additioi-; of a trais.vers~e

rsaf-?:-ctie, flei d of a few .ki] ofasiss can ca':sc a '.r fol'i red.:ctiori in.

power dissipatior.. Thus, using a high mobility mraterial s:;ch- &S -yp

t-: a- Kan'i 5 transverse maenetic i ie],j, (qa~I~i a M:-jji1'a-

ha, *' .as Ce.to sttidy the effect of a trar~sverse ma~tiett' f itell

')n E:-cvmnd vave~ pr-tpara' io--n I ]n~t and to use t'his informratior, in ds(.

-:. tia-i cons* r ctini,~ a Tw a-aistic Pe-P-lifLer. Teeerre. lyd-ror.-

s'--aei .eelfe-cý of tiar-t-~,.-t ic fied.~ . 'urt,!eIr.ore, we U.L J~~

* *'* a~:'~i:- .e~ : ... Sm~all sig::.ai ofew. '-:i '8

a;i; iL& k..* i!. Es -*:Z ..U--ctr S '!i'43 and cornparcd i i:.a.

d Iial-. r- t faz D: w I* tTx..,eJ Irzc

1; f -a- 7ý1 !-a Pi,,-,,eJ e -i



B. REARCH SUMARY

The research oi. t,.is project includes an experimental cL:f-ck of the

small signal 'theory of sour-d wave amFlification. Because Only the final

quarterly period of the contracl. was devoted to this project, it was

not possible to construct an actual acoustic wave transmission device.

iiistead, a slightly indirect metnod wa- used. A bar of In"b at 77°K

placed in transverse magnetic field will eenerate acoustoelectric domains
with an applied drift field. We assume that acourcoelectric domairs result

from amplificaticn of background thermal noise. Isiaag the small Eignal

theory, one can approximate the threshold of acoustoelectric dom.'n forma-

tion and compare the theoretical beh'avior with experiment. Thts was do:ne
2

.and q.-ite gooll agreerent was observed. We feel that the effect of the

Wmar.netic field and the process of acoustoelectric domain forratioi are

nrL- vell undcrstood2. it was also demonstrated that, with a transersE

wag--netic field, an I !:Sb bar will g.enerate aoo-.toelectric doralns on a

cw basis. Thu-.s a n acoastiq amplifier which would operate teiow the pit.n,

of dor.•in fcrratlot. skDoild certainly operate e- also. Such a device will

be constructed as a part of the program cf the successor contract. Th-.e

device will be a s!.ear wave ampllfIer,. :peratinrg at. i. a transverse

mag. .tic fit'ld a:.d mi.. .-.t tt r s-1, as a -c-• -.e az.-estic a...•iiier or as

a loss. c-=pensated micr:Ov•ave delay line with delay times a.,proach ing

0 wsec.

PAPkF15 AIND _.AT, 0,,S

G. S. hino and R. Route. "Sound Wave Insteractio:n it. nt," i-icrovave
Laboratory Report No. l56, Strnford !Jniversit:: (Sret.nrer 19i");

"* also published In Appl. ,hys. Letters 11, "12 (P; ;;ovamtber 19t..
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I, SUPPLEIEN TA Y NOTES I,. SPONSORING MILITARY ACTIVITY

RADC PROJECT ENrINEER, EMATE
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The objectives for the research program under this contract were to
conduct a theoretical and experimental investigation of microwave tech-
niques with a view toward development of devices applicable to surveil-
lance systems; the emphasis was primarily directed toward requirements
of phased array radar systems. This report, covering the period Novem-
ber 1964 through October 1967, summarizes the principal research find-
ings, on the following projects, conducted for varying 1ngths of time on
this contract:

I. 7'hin Film Transducers
II. Acoustic Wave Devices

III. Carrier Wave Propagaticn
IV. Whistler Mode Propagation in Solids

V. Theory of Carrier Wave Propagation
VI. Extended Interaction Klystrons

VII. Centipede TWT
VIII. Periodic Ferrite Delay Lines

IX. Adiabatic Magnetoelastic Conversion in the Time Domain
X. Theory of the Gunn Effect

XI. Guided Acoustic Waves
XII. Delay Line Studies

XIII. Magnetically Dependent Sound Wave Interactions
(Cont'd on reverLe side)
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13. Continued

Future reports concerning the projects to be Q ntinmed w il br foundin reports on OonitraCt F3U6U2-6O-C-uO74 , r'Mi c rwave Acou •tic 4nd B'ilk
Device Technique Studiea" which is a dire t co tinuAtion, oels e-fort.
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